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Research on the Nematoda is largely divided between the study of the 
parasites of animals and those of plants. In contrast, work on the even 
greater assemblage of species which have a free-living existence is of more 
meagre proportions and perhaps would be negligible if it were not for the 
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interrelations between these and the parasites. On land, both animal and 
plant parasites may have had their main origins in nematodes feeding on the 
microflora, for some animal parasites have bacterivorous stages and com- 
parable forms could have developed into the primitive plant parasites— 
the fungivores (Maggenti, 1971). The ease of culture of the microflora 
feeders has led to their use as laboratory models in many ways, from the 
study of problems of nutrition and ageing to purely practical employment 
in the screening of soil nematicides. The presumed primitive habitat of the 
nematode, the sea, has tended to attract a separate discipline of nematolo- 
gists despite the clear ecological links with freshwater systems, which in 
turn overlap with terrestrial soils in the close correspondence of much of 
their nematode fauna. 

Parasites of green autotrophic plants and those of animals have relevance 
in the general concept of production and energy flow in ecosystems: the 
plant parasites as potential regulators of primary production and the 
animal parasites, whether of vertebrates or invertebrates, as regulators of 
consumption. Direct association of the nematodes with the decomposer 
cycle, of long standing if ancestral nematodes were bacterivores, resides 
mainly with free-living species and this review is almost entirely concerned 
with these. 


tl. Identifications 


The class Nematoda forms a discrete group of pseudocoelomate Metazoa, 
mainly vermiform in shape and, other than some animal parasites, micro- 
scopic or nearly so in size. They rarely approach 10 mm in length but range 
down to 2504m, even as adults. Whilst perhaps closest to the Gastrotricha, 
other taxonomic relationships and evolutionary origins are obscure. 

There is an evident binary division of the class into Secernentes and 
Adenophori (or their near equivalents Phasmidia and Aphasmidia), reflected 
ecologically for respectively they tend to be of terrestrial or aquatic types. 
However, the primary diagnostic criteria (the excretory system or the 
presence of phasmids) are often obscure and practical divisions are more 
convenient at order or lower levels (Goodey, 1963). 

Most separations are made on combinations of characters, particularly 
of structures associated with feeding: the stoma and its armature, the form 
of the pharynx. Other features of importance include the head and cuticle 
appendages, ornamentation or markings and male copulatory structures 
(where males occur). The recognition of some genera or generic groups is 
simple but others require considerable expertise: this applies in greater 
force to the identification of species. The standard work on soil and fresh- 
water genera is that of Goodey (1963); marine nematodes are less well 
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summarized and must be sought in more scattered literature including 
Wieser (1959a) and later works by the same and other authors. 

Ecological studies are complicated by the high proportion of new species 
in almost any previously unexamined habitat or locality. In Puget Sound, 
two thirds of the marine nematodes found by Wieser (1959) were previ- 
ously undescribed, as were most of Yeates’ (1968) species from New 
Zealand dune sand. In an English woodland, two thirds of the population 
in one soil and one third of those in another differed from described forms: 
although only 400 m apart, the sites had very few species in common 
(Twinn, 1966). This is so usual that one must accept with caution the 
specific determinations in older works in which a high proportion of 
known species are recorded: the more stringent criteria of modern nema- 
tode taxonomy (Goodey, 1959) were not then applied. Many separations 
depend to some extent on body proportions which can vary with mounting 
treatment and also with the nature of the available food (Townshend, 1972). 

Although accurate identifications are possible from carefully prepared 
material the determination of each individual present in a sample taken 
during an ecological study may not be easy. When a complex of species 
within one genus occurs, correct assignment of males to a species charac- 
terized on adult females can be troublesome and the structure of juveniles, 
which often form a high proportion of the population, is frequently obscure 
enough to prevent specific identification. Thus many comparisons must 
take place at generic rather than specific level despite the biological 
diversity which characterizes many genera. 


lll. Extraction Methods 


Sampling strategy has an unusually large effect on the derived data, the 
size and number of samples often depending more on practical considera- 
tions than on statistical requirements. The design and execution of sampling 
is well documented for economic plant nematology where the requirement 
at any one time is essentially the measurement of a short series of important 
species relative to potential or actual plant damage. Work aimed at the 
determination of energy-flow patterns has the more difficult task of esti- 
mating the absolute numbers of all species to a reasonable degree of 
accuracy. It is inevitable that no nematode extraction and examination 
method is without its serious disadvantages, but the varying bias these may 
introduce means that in reviewing the studies of different authors one is 
comparing not merely data, but data and methods inextricably confounded. 

Extraction methods have recently been surveyed by Oostenbrink (1971), 
but additional comments are opportune on some which have been used 
for plant litter material. 
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(a) Baermann Funnel and Modifications. Relying on nematode activity, 
this may give very variable results. For tree leaf litter it is often almost 
useless, extraction percentages varying from 80 to 20% and the apparent 
population structure being distorted by the extraction of surface-dwelling 
bacterivores but not the tissue-dwelling fungivores (Twinn, 1962). In 
addition, egg hatch and revival from cryptobiosis is likely; fungal infections 
of the Catenaria type may be artificially fostered. 

(b) Direct Examination. When performed on live material (Volz, 1951) 
this considerably restricts the sample numbers and size; on fixed samples 
it requires the rather subjective discrimination of originally active or 
inactive specimens (Twinn, 1966). However, it has the advantage that 
specimens remain in their microhabitats within the litter until examined, 
permitting the observation of aggregation and relationships with other 
organisms. In particular, a means is provided of studying both nematodes 
and microflora in situ using staining methods (Minderman, 1956; Minder- 
man and Daniéls, 1967). Nematodes are frequently noted on media follow- 
ing the isolation of fungi from soil and litter (Dickinson, C. H., personal 
communication), a further indication that joint methods might be devised. 
Extended culture of direct isolates reduces the diversity of the original 
nematode population, leading to the exaggerated development of few 
species (‘Tietjen, 1967), but is adaptable to feeding studies. 


IV. Aspects of Behaviour and Physiology 
A. Movement 


All small organisms have a limited ability to cope with the physical 
forces exerted on them by their environment, which in nematodes are 
particularly related to dependence on free moisture and reliance on a 
hydrostatic skeleton maintained by internal pressure. With few exceptions, 
movement is based on sinusoidal waves and for efficiency requires purchase 
against the surface tension of a water film, the viscosity of mud or physical 
contact with solid objects (Crofton, 1971; Wallace, 1963). Speed of progres- 
sion is related to the interaction of the dimensions of the body and those 
of the surroundings, such that nematodes of a given size will progress most 
rapidly between particles of specified dimensions or in mud of a certain 
viscosity (Crofton, 1971). When the fluid viscosity is low, as in clear water, 
swimming is inefficient and in aquatic habitats rapid movement is most 
likely in semi-liquid bottom deposits. Free swimming in disturbed situa- 
tions may be avoided by a tendency to sink whilst swimming and by the 
possession of caudal cement glands which either maintain the nematode 
in its micro-habitat or when fixed to individual sand grains accelerate its 
sinking rate. 
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In terrestrial soils with a crumb structure, space to move in water films 
on the crumbs is probably rarely restricted and similarly, on plant litter, 
the relevant species have little difficulty in movement, provided that a 
continuous water film is present. A vermiform shape is well suited to 
passing through narrow openings and plant tissue is readily colonized; 
however, some restrictions apply, for the stouter microbivores only exten- 
sively occur within leaf litter after it has become porous. In the soil itself, 
with decreasing particle size the pore necks may become limiting, prevent- 
ing free movement (Wallace, 1963). The presence of finer materials can 
provide a further restriction by the occlusion of pores. Bruce (1928) found 
35-40% pore volume in beach sand fractions he had graded but only 20% 
in the original mixed sample. 

Wave and current action in aquatic systems often serve to sort particles, 
depositing them as soils with a relatively simple size distribution. The 
relationship between these factors and living space (lebensraum) is recog- 
nized but not well understood (Tietjen, 1969). Marine nematodes may 
often be grouped according to their association with certain grain sizes 
yet Wieser (19595) considered that nematodes would have little difficulty 
in moving in the finest sands. His data superficially question this conclu- 
sion; on the Vashon and Bainbridge Island beaches sand grains of 50- 
150 um, if well packed, would provide pore necks of only 8-24 um, much 
less than the body diameters of the larger species typical of these stations. 
Such a relationship is even more relevant in finer deposits such as mud 
where any species is likely to be confined to the surface semi-liquid horizon, 
being incapable of penetrating the stiffer material below. Records from 
stiff mud would indicate structuring of the soil, perhaps by the burrowing 
activities of larger animals. The possible concentration of the nematodes 
in burrow systems has many other implications in respect of their density 
in the micro-habitat. 


B. Response to Stimuli 


Nematodes are attracted by a wide variety of stimuli including carbon 
dioxide, ammonia, organic materials and electric potentials. Such a range 
indicates that a general attraction to regions of biological activity is perhaps 
the most usual response and, for example, in terrestrial soils this would lead 
to accumulations in the rhizosphere, probably equally suitable for plant 
parasitic, microbivorous or predatory species. Heat has also been suggested 
as a factor leading microbivorous nematodes such as Turbatrix and 
Panagrellus to centres of microbial activity (Croll, 1970). 

The existence of stable gradients in such a complex system as soil over 
more than minute distances is improbable: interpretation of attraction as a 
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dual pattern of kinesis and directional correction (as in insect chemo- 
attraction) is more reasonable. In some experiments, a regularity of correc- 
tion is discernible (Green, 1966): this might not be innate although asym- 
metry of movement with a constant deviation from straight line progression 
is a characteristic of some species (Croll, 1969). Providing that sufficient 
individuals survive, elaborate behaviour patterns are unnecessary. For 
instance, the colonization of leaf litter on the soil surface by fungivores 
does not require the supposition of responses to gravity but is easily 
explained by the spread of the nematodes in the train of the fungal invasion. 
On the other hand, more complex searching patterns might be expected in 
species such as bacterivores and predators, whose food has less physical 
continuity. These have not yet been demonstrated. 

Stable chemical gradients are more conceivable in some aquatic situa- 
tions, particularly in the calm of deep water or amongst submerged 
vegetation in which current speeds are reduced. The accumulation of 
Metoncholaimus scissus on fungal mats and senescent benthic diatom blooms 
in Thalassia beds, led Meyers et al. (1970) to deduce the existence of 
chemoattraction to regions of decomposition activity. 

Many species exhibit a general response to light but a few from aquatic 
habitats are more efficiently equipped with light receptors. Chromadorina 
inhabits freshwater green algae and its positive response to green light has 
an obvious survival value in this habitat (Croll, 1970). 


C. Feeding Mechanisms 


In feeding, nematodes encounter the particular physical problems of 
taking food whilst in a fluid medium and the need to overcome the pressure 
of the hydrostatic skeleton to swallow it. Both are largely solved by the use 
of a muscular pharyngeal pump which is employed to suck in suspended 
particles such as bacteria, or to cause the lips to adhere to the food while 
other structures pierce it; the same pump forces the food into the intestine 
against the pressure of body fluids. 

A typical system is found in Pelodera in which bacteria are sucked into 
the mouth cavity and collect within the pharynx. Retention of particles 
seems to be based on their physical characteristics rather than nutritive 
value for Indian ink is taken and the process effectively resembles a filter- 
feeding mechanism (Doncaster, 1962) (Fig. 1). Passing down the pharynx 
to the valved muscular bulb, the food is finally injected into the intestine. 
The accumulation of material to form a bolus indicates a means of reducing 
unnecessary intake of fluid although axenic culture studies indicate that in 
rhabditids discrete particulate food is not essential. In some bacterivorous 
groups, the lip region bears complicated outgrowths (Bunonema, some 
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cephalobids, Teratocephalus, Wilsonema) which may serve to size-grade the 
food or to free it from its substrate. Sachs (1949) stated that in Bunonema 
one set of processes was used to loosen the food, another to compact it. 


Fig. 1. Terrestrial nematodes: pharyngeal structures and feeding mechanisms. 


Fungivores—plant parasites: 1, Ditylenchus; 4, Aphelenchoides. 

Bacterivores: 2, Pelodera; 6, Plectus. 

Facultative bacterivore: 5, Butlerius. 

Predator: 3, Mononchus. 

Omnivore: 7, Eudorylaimus. 

Ditylenchus feeding sequence: 1a, stylet penetration; 1b, salivation; 1c, ingestion. 
Pelodera feeding sequence: 2a, ingestion and filtration ; 2b, swallowing; 2c, injection 
into gut. 


Materials of a larger size require other feeding methods. Some species, 
e.g. Tripyla spp., whose gut may contain entire nematodes, are capable of 
enlarging their mouths to suck in their prey whole. Often the stoma is 
armed with spears or teeth which, by puncturing the food, permit liquid 
contents to be sucked out. A common arrangement is that of variously 
sized teeth arranged in opposition or facing a denticulated plate. In no case 
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has there been a firm observation that these structures may be extruded 
to pierce the prey and the system of use is likely to be broadly similar to 
that found in the carnivore Mononchus. Here the food is taken into the 
stoma, then pierced and retained by the armature whilst contents are 
sucked out (Nelmes, 1972); the same is seen in Butlerius (Pillai and Taylor, 
1968) (Fig. 1). 

Spear- and stylet-bearing nematodes exemplify an adaptation which 
permits the piercing of food without the need first to draw it into the 
stoma, and this gives them the capacity to attack relatively tough-walled 
subjects. Whilst adhering by lip suction or by bracing of the body, repeated 
thrusts of the spear are used for penetration (Fig. 1) and food either passes 
through the spear or beside it through a salivary feeding tube, which is 
later left behind. Feeding in plant parasitic nematodes has been reviewed 
by Doncaster (1971). 


D. Feeding Groups 


Classification of nematodes into their trophic types is necessary before 
an attempt can be made to relate them to energy pathways. Purely taxo- 
nomic grouping is inappropriate when it places together species known to 
have different food requirements yet it has been widely used as a secondary 
method since definite information is meagre and relates to relatively few 
species. 

The difficulties of fitting a given species firmly into one discrete category 
are considerable, for ideally a wide range of evidence should be considered: 
(i) the known food type of closely related species; (ii) the morphological 
structure of stoma and pharynx; (iii) observable gut contents; (iv) the 
presence or absence of possible food organisms in the habitat; (v) culture 
experiments to determine which food organisms promote nematode 
reproduction. 

In practice, (i), (ii) and (iii) provide the data in most cases and a variety 
of factors confuse the issue. Particular species may feed in culture on a 
relatively wide range of organisms, perhaps chosen more for their ease of 
propagation than their presence in association with the nematode in 
nature. The nematodes may ingest materials such as sand grains (Wieser, 
1953), Indian ink (Doncaster, 1962), or take apparently suitable food which 
cannot be digested. Mesodiplogaster lheritieri destroys Chlamydomonas but 
passes Ankistrodesmus unchanged (Leake and Jensen, 1970). Thus, as 
Nielsen (1949) pointed out, identifiable gut contents may represent what 
cannot be digested, although in predators, when the objects are nematode 
spears or spicules, or enchytraeid setae, they provide reasonable evidence 
of the organism attacked. 
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The studies on Pelodera and the spear-bearing nematodes indicate that, 
when using morphology and function as an indication, the complete 
arrangement of structures from lips to the intestine should be considered 
as a functional whole. Certain points require study, for there is wide varia- 
tion in the form of the pharyngeal pump, which may or may not be markedly 
muscular or possess a valved bulb. Rhabditis and Alaimus live on similar 
food but possess dissimilar pharyngeal structures. Nevertheless, the 
mechanics of the ingestion system must determine the physical limits of the 
food taken and sufficient study of its operation might eliminate anomalies 
if taken in conjunction with the availability of food in the natural habitat. 

In the definition of feeding groups, terrestrial and freshwater species are 
conventionally treated together and distinct from marine forms. 


1. Terrestrial Feeding Groups 


Nielsen’s (1949) original classification has been modified by subsequent 
writers (Banage, 1963; Bassus, 1962a; Yeates, 1967, 1971) to suit their 
particular studies. The ideal scheme in which each grouping is identified 
by the ecological role of its food organisms (as primary producers, decom- 
posers or various order consumers) is difficult to apply because of the varia- 
tion in the feeding habits of the nematodes (either within species or within 
higher taxa). Nevertheless, these distinctions cannot be avoided and the 
grouping of algae and fungus feeders as microherbivores (Yeates, 1967) or 
using “‘plant feeders” to cover both fungus and higher green plant feeders 
(Banage, 1963) is confusing. 

(a) Forms with spears or stylets. These can readily be distinguished and 
will include almost all Tylenchida and many Dorylaimida. Whole families 
of the Tylenchida have been characterized with reasonable certainty as 
obligate parasites of vascular plants: Heteroderidae, Hoplolaimidae, 
Tylenchulidae, Criconematidae. To these may be added tylenchid genera 
such as Tylenchorhynchus, Anguina, Rhadinaphelenchus and dorylaimid 
genera such as Trichodorus, Longidorus and Xiphinema. Markedly relevant 
to the decomposer cycle is the feeding habit of the Tylenchida on fungal 
hyphae (Maggenti, 1971). Some families (e.g. Neotylenchidae, Aphelen- 
choididae) include many species associated with bark beetles in some form 
of parasitism but also with the need or faculty to feed on fungi during part 
of their life cycle. Within these families and elsewhere in the Tylenchida 
are soil forms apparently subsisting on fungi alone. Ditylenchus and 
Aphelenchoides both contain obligate plant parasites, facultative parasites 
which can be cultured on fungi, and also pure fungivores. Thus specimens 
associated with plant litter are difficult to classify unless in the presence of 
fungi and the absence of living higher plants. The plant parasites of both 
these genera tend to attack aerial parts and those found in the rhizosphere 
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one may suspect to be more concerned with fungi than plant roots. How- 
ever, this is not a precise distinction for D. destructor infests potato tubers 
and an Aphelenchoides sp. has been cultured on mycorrhizal fungi (Riffle, 
1967). 

The widespread soil genus Tylenchus presents further difficulties for 
T. emarginatus and T. costatus attack conifer roots, T. agricola has been 
cultured on alfalfa callus tissue and T. agricola and T. bryophilus were 
observed to feed on the root hairs of cabbage and other plants (Gowen, 
1970; Khera and Zuckerman, 1962, 1963). T. emarginatus would not feed 
on ten species of fungi (Sutherland, 1967). This evidence indicates a plant- 
parasitic habit, yet T. bryophilus itself, another closely related species and 
further species of the sub-genera Filenchus, Lelenchus and Tylenchus were 
found in leaf litter in the absence of plant roots where they were certainly 
feeding on fungi (Twinn, 1966). There are other records of Tylenchus from 
litter (Egunjobi, 1971) and this field evidence is in favour of a qualified 
classification of the genus as fungivore-type. Maggenti (1971) has suggested 
that the genus particularly exemplifies the primitive plant parasite; 
undoubtedly it will prove to contain the range of feeding habits found in 
Aphelenchoides and Ditylenchus although possibly with a more facultative 
bias. These and similar genera may often be designated with similar logic 
either as plant parasites or as fungivores; the latter has usually been pre- 
ferred in this review. 

Apart from the true plant parasites, the Dorylaimida equipped with a 
spear or spear-like tooth are generally classed as omnivores or miscellaneous 
feeders. Although there are few records of these being associated with the 
bacteria and fungi, they often form such a high proportion of the nematode 
numbers and biomass that they can scarcely be ignored. Nielsen (1949) 
counted many as algal feeders based on the frequent occurrence of 
chlorophyll in the gut. This conclusion has been partly confirmed for 
Eudorylaimus ettersbergensis, which was easily cultured on an alga yet also 
fed on protozoa, fungal conidia and other nematodes (Hollis, 1957). Other 
scattered evidence indicates that dorylaimids exhibit a full range of feeding 
habits, from algae at one extreme to pure predation (e.g. Nygolaimus on 
enchytraeids) at the other. Despite their variable feeding, information on 
these nematodes is enough to set them aside in a trophic group distinct 
from the bacterivores and fungivores and hence of indirect relevance to the 
decomposer cycle. 

(b) Nematodes without spears or stylets. Of these, the Mononchidae form 
a discrete and recognizable group predatory on nematodes and other small 
animals, as shown by much published information and the close corre- 
spondence of mouth armature throughout the family. Yet a toothed buccal 
cavity such as they possess is not a prerequisite for predatory habits, for 


13. NEMATODES 431 


Tripyla frequently feeds on other nematodes but has little more than a 
retaining tooth in the pharynx. 

Many other genera may be arranged in an almost continuous series from 
those with unarmed mouths to those with teeth approaching the monon- 
choid type (e.g. Butlerius). Starting with the experiments of Nielsen (1949) 
there has accumulated a great deal of evidence to show that bacteria form a 
suitable food for species at almost any level of this series, from the unarmed 
Plectus or Rhabditis type to Diplenteron and Butlerius with mononchoid 
mouth armatures (Pillai and Taylor, 1968; Yeates, 1970). The differences in 
size and shape of the mouth cavity within this series suggest varying 
abilities to exploit different micro-organisms. In general, a not very critical 
choice of food, as indicated in Rhabditis and others, could result in the 
ingestion of any particle of a suitable shape and size. If available, fungus 
spores, yeasts and small algae are likely to be included in the normal food 
range of otherwise bacterivorous species. 

The complex, toothed, mouth structure of many diplogasterids in the 
series points to a more omnivorous diet than that of bacteria alone and both 
Butlerius and Diplenteron will feed on protozoa. Such nematodes are often 
found in habitats characterized by rapid decomposition such as dung and 
sewage beds, compost heaps and rotting fruits, in all of which both bacteria 
and protozoa may be abundant: they may best be classed as facultative 
bacterivores. 

The terrestrial feeding types fall into two series, separate in practice but 
not quite so taxonomically (Fig. 2). Within these groups, the sub-divisions 
are distinct in their typical examples but show a variable degree of overlap 
in transitional forms. 

In fresh water Group (a) is uncommon, Group (b) forming the bulk of 
the population with the attendant increase in difficulty in respect of transi- 
tional forms. Algal feeding (e.g. in chromadorids) may be added as a more 
discrete type: in this, and in general bias, freshwater trophic groups show 
relationships with marine systems. 


2. Marine Feeding Groups 


Yeates (1971) has recently introduced the concept of deposit-feeders for 
terrestrial habitats but it is convenient to discuss this in relation to marine 
systems with which it is associated. The term describes more the method of 
feeding than the nature of the nutrient and is applied when species ingest 
small particles of organic detritus (deposits) or are commonly found with 
quantities of such material in the gut. The most interesting evidence is 
from the studies of Tietjen (1967) on the marine species Monhystera 
filicaudata. This genus is of particular importance since it is widely distri- 
buted in the sea, in fresh water and on land. Tietjen observed that the 
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nematode ingested detritus particles and would survive for g months, but 
not reproduce, on non-sterile faeces of the mollusc Aequzpecten, one of the 
common sources of deposits in his study area. In contrast, reproduction of 
the nematode was copious on marine bacteria cultures, and dinoflagellates 
were also accepted as food. These observations are at least as good as 
much of the culture evidence on terrestrial species which classes them as 
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Fig. 2. Relationships between terrestrial nematode trophic groups, S, species 
with spears or stylets; (S), some with spears or stylets. 


bacterivores. It is pertinent to compare the residual deposits of the sea 
with the H horizon of mor soils on land, which often consist almost 
entirely of invertebrate faeces. In both cases the plant material has been 
subjected to fragmentation, attack by micro-organisms, perhaps stripping 
in the digestive system of invertebrates and, certainly in the sea, to the 
extremes of leaching. Any suggestion that the final product is a practical 
food for an organism with no specially efficient digestive system is scarcely 
acceptable. The conclusion is inevitable that the bacteria form the food 
and the deposit is merely a relatively inert vehicle carrying them, as has 
been suggested for two marine Mollusca by Newell (1965). 

However indicative the data on M. filicaudata may be, they cannot be 
applied indiscriminately to all species regarded as deposit feeders. For, 


13. NEMATODES 433 


much as the monhysterid would ingest dinoflagellates, so a wide variety 
of other food organisms may be taken, probably restricted more by size 
and availability than a high degree of selectivity on the part of the 
nematode. 

Reviewing all the evidence available at that time, Wieser (1953) divided 
marine species into two series on the basis of whether or not the mouth 
cavity was armed with teeth. 


1. Unarmed mouth: A. selective deposit feeders 


unselective deposit feeders 
2. Armed mouth: epigrowth feeders 


predators 


ee 


Separation on selectivity can be excluded as the essential difference 
between 1A and 1B is size of stoma and buccal cavity rather than observed 
distinctions in behaviour. Typical of 2A are the Chromadoridae, many of 
which are known to take diatoms and characteristically live in association 
with the sessile epigrowth formed by these and other small animals and 
plants on algae, rocks and other substrates. Class 2B consists of nematodes 
with heavily armed mouths and includes species known to be predatory. 
With further information, Wieser (1960) later altered the last group to one 
of omnivores. 

Some form of bacteria, diatom or deposit feeding has been demonstrated 
or strongly suggested for members of all of Wieser’s groups. Thus the 
classification would be of little use in relation to deposit decomposition if it 
were not for the fact that groups 1A and 1B are associated with situations 
in which fine deposits collect (Wieser, 1952). On this circumstantial evidence 
it may be suggested that many species in group 1 are involved in the 
decomposition of detritus either as consumers of bacteria themselves or at a 
trophic level only one or two stages higher. Variable feeding on bacteria, 
bacteria-laden detritus and small animals such as protozoa is probably 
common amongst marine nematodes and may be compared with the 
situation in the terrestrial diplogasterids, classed earlier as facultative 
bacterivores. 

True fungus feeding has been described for a marine Aphelenchoides 
(Meyers and Hopper, 1967) and a few other marine examples of this 
typically terrestrial genus are known (Timm and Franklin, 1969). The only 
other tylenchid recorded from the sea, Halenchus, is classed as a plant 
parasite, the nematodes being associated with galls on Fucus and Ascophyl- 
lum. However, Halenchus may be found free-living (Chitwood, 1951; 
Twinn, unpublished) and could also be fungivorous. 
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E. Physiology of Particular Ecological Relevance 
1. Digestion 


Certain of the spear-bearing nematodes have been shown to secrete 
saliva into the food and digestion may be extracorporal. Otherwise, and cer- 
tainly in forms without spears, digestion takes place within the body, 
enzymes being added from pharyngeal glands during swallowing. Jennings 
and Colam (1970) considered that different glands in Pontonema secreted, 
respectively, an enzyme precursor and activator, but they found no evidence 
of true enzyme secretion in the gut. Chitinase has been demonstrated in the 
plant parasite Ditylenchus dipsaci, possibly representing a relic of a fungi- 
vorous ancestry (Tracey, 1958), but in general enzyme spectrum is broadly 
related to food type. 

Information that can be used to indicate the quantitative efficiency of 
feeding and digestion is very scarce. Crofton (1966) considered that the 
digestive processes were wasteful, for Ascaris shows a high throughput of 
food, the gut contents being replaced as frequently as once every 3 min. In 
apparent contrast, Taylor and Pillai(1967) observed the rapid disappearance 
of fungal hyphae contents in the gut of Paraphelenchus acontioides and con- 
cluded that digestion was efficient enough to keep up with rapid feeding. 
There is no evidence that feeding rate is repletion-regulated but on the 
other hand elimination is so determined, as a necessary consequence of the 
high body pressure, defaecation occurring before the pressure rises suffi- 
ciently to prevent the pharyngeal pump working. In Ascaris, most of the 
gut contents are voided each time (Crofton, 1966) but in Aphelenchoides 
blastophthorus the faeces volume is limited to about 9% of that of the gut 
by a pre-rectal valve mechanism (Seymour, M. K., personal communica- 
tion). Pharyngeal secretion of digestive enzymes provides a method for 
intimately mixing these with the food and also a metering system related 
to food intake rate. Adequate digestion is probably thus assured but the 
extent of absorption from the gut may well be more dependent on the 
speed of passage and it is likely that an abundance of food would lead to 
considerable wastage in elimination. 


2. Excretion 


A swift passage of fluid through the gut is an excellent means of dis- 
posing of ammonia which forms a large proportion of the nitrogenous 
excretion (Crofton, 1966). However, relatively large amounts of amino 
acids are also formed (Myers and Krusberg, 1965) which may be a 
mechanism of detoxifying excess tissue ammonia: excretion of synthesized 
amino acids was rapid in Ditylenchus triformis. In this species they found 
no evidence of urea either as an end product or as an intermediate although 
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a subsidiary ureotelic system exists in parallel with the ammoniotelic one 
in Ascaris (Lee, 1965). Normally, excretion pathways through the cuticle 
or the gut are quite adequate and the so-called excretory pore and its 
associated system are of enigmatic function. Secretory ability for this has 
been demonstrated, and in Tylenchulus semipenetrans females (a plant 
parasite) the secreting tissue is enormously enlarged, serving to produce 
an external gelatinous matrix. In this instance, a subsidiary excretory role 
is feasible, for the anus is non-functional and the gut is not available as an 
excretory route, unless the system is ureotelic (Maggenti, 1962). The most 
elaborate ‘‘excretory” canal structures are associated with the terrestrial 
types (Secernentes); this habitat relationship suggests a possible function 
under conditions of exogenous or endogenous toxin stress, quite likely to 
occur in thin moisture films and other situations of intense microbiological 
activity. 

Evidence on the efficiency of overall nitrogen utilization is superficially 
conflicting. Crofton (1966) considered nitrogen excretion to be low, particu- 
larly in proportion to the high turnover required by egg production. In the 
fungivorous Ditylenchus triformis, the daily nitrogen excretion of starved 
individuals amounts to about 2-4% of the body protein (Myers and 
Krusberg, 1965). Wright and Smith (1972) indicated a higher rate in 
Panagrellus redivivus but much of the protein fraction might have been 
attributable to faeces, an inevitable confusion in recently fed individuals: 
in starved nematodes excretion could be abnormal. High rates have been 
found in some vertebrate parasites, possibly related to the amount of 
dietary protein taken (Lee, 1965). 


3. Food Quality Requirements 


McCoy (1929) showed that the free-living juveniles of Ancyclostomum 
caninum might be cultured on live bacteria but not on ones killed by heat; 
a comparable observation was made by Hirschmann (1952) for a Rhabditis. 
Similarly, whilst a marine Aphelenchoides thrives on the fungus Dendry- 
phiella arenaria, heating to 60°C renders this food unsuitable (Meyers 
et al., 1963, 1964). Although failure to culture on dead food may result 
from a different behavioural response by the nematode, Nielsen’s (1949) 
opinion that they generally require live protoplasm is supported also by 
more recent biochemical studies which, for example, indicate heat-labile 
dietary requirements (Sayre et al., 1967) and restricted sterol synthesis 
(Rothstein, 1968). Different bacteria vary greatly in their suitability for 
maintaining good growth in culture of bacterivorous nematodes (Nielsen, 
1949; Tietjen et al., 1970) and the same has been demonstrated for the 
fungivore Ditylenchus destructor which could be cultured on 64 fungi of 
115 tested (Faulkner and Darling, 1961). The last point indicates that 
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requirements are not always stringent and that survival, if not optimum 
growth, is possible on a wide range of organisms. Food that is normally 
suitable may become inadequate as it ages (Meyers et al., 1964); fungivores 
tend to avoid senescent hyphae and feed for longer on young, actively 
growing ones (Anderson, 1964; Hechler, 1962). 

On the basis of the evidence available, it seems very unlikely that 
nematodes could survive by feeding directly on plant litter and detritus 
alone, their survival undoubtedly being due to the micro-organisms actively 
growing on these materials. One instance may be quoted as the nearest 
approach to litter feeding is the observation that Tylenchus emarginatus 
would feed on recently sloughed conifer root cap cells (Sutherland, 1967). 


4. Effects on Food Supply 


The only extensive quantitative data on the degree to which nematodes 
affect their food supply concerns the spear-bearing plant parasites and those 
found in commercial mushroom cultures. It is difficult to relate loss of gross 
plant production to the biomass of nematodes, due to measurements being 
largely based on commercial crop yields. Pot experiments with Rotylenchus 
buxophilus, whilst ignoring turnover of plant roots, shoots and nematodes, 
have indicated that the production of about 15 mg nematode biomass 
resulted in a loss of total plant matter amounting to at least 12 g (Golden, 
1956). 

At the cellular level, the immediate results of feeding are very variable 
for whilst Tylenchorhynchus claytoni is a delicate feeder on plant roots, 
causing no obvious damage (Krusberg, 1959), Paraphelenchus acontioides 
attacks fungal hyphae voraciously, rapidly emptying the cells of their 
contents (Taylor and Pillai, 1967). In both root and fungus feeding, the 
first result is the halting of normal cyclosis of the cell contents which then 
stream towards the puncture site, an effect attributed to the injection of 
salivary juices. The damage may extend to more than one cell, for Ditylen- 
chus destructor causes the death of up to five hyphal cells at each feeding 
site (Anderson, 1964). If a break in the continuity of the cell cytoplasm 
reaches the nematode’s stylet, feeding may cease, thus leaving part of the 
cell contents uneaten. Attacked mushroom beds appear wet from the leak- 
age of hyphal contents at the feeding sites (Hesling, 1972) and bacteria may 
develop extensively on these released nutrients, possibly also permitted by 
the limitation of the bacteriostatic action of the mycelium. 

In vascular plants, one common result of nematode attack is the com- 
pensatory proliferation of the root system: a similar effect on the growth 
of fungus mycelium does not appear to have been observed but would 
seem to be possible. Nielsen (1961) suggested that bacterivorous nematodes 
might increase the turnover rate of bacterial colonies as a side effect of their 


13. NEMATODES 437 


cropping them, but in general the significance of the bacterivores and other 
particulate feeders will result more directly from the amount cropped and 
assimilated. In contrast, the plant parasites and fungivores may well spoil 
more than they eat. 


5. Food Utilization and Productivity 


Metabolic rate as indicated by oxygen consumption has been measured 
in free-living nematodes notably by Nielsen (1949) for terrestrial forms and 
by Wieser and Kanwisher (1961) for a range of marine species. Differences 
between species of the same size occur, linked in some cases to activity 
level by Nielsen (1949), but the expected inverse relationship to individual 
body weight holds good. Hourly oxygen consumption at 16°C ranges from 
1440 mm? in Monhystera vulgaris, to 200 mm? in Pontonema vulgare, each 
per g fresh weight. Oxygen requirements were shown to vary with tempera- 
ture broadly in accordance with Krogh’s normal curve (Nielsen, 1949). 
Movement is not likely to require a large utilization of energy (von Brand, 
1960) and narcotized nematodes show little change in oxygen consumption 
(Nielsen, 1949). The major outlet for energy is in the form of increase in 
body size or reproduction. Nielsen counted 209 eggs produced by Cepha- 
lobus elongatus in 22 days, these being equivalent to five times the female’s 
weight. More recently, Tietjen et al. (1970) gave an egg production of 
70-100 eggs per female for Rhabditis marina in culture, laid over 3-4 days 
and equivalent to about 53% of the female’s weight per day. Even more 
surprising, cultured Diplenteron potohikus produced up to 505 eggs in 
38 days (Yeates, 1970) which, from published dimensions (Yeates, 1969), 
seems equivalent to a total production of 52 times the female’s biomass. 
The maximum egg laying rate noted in these last experiments averaged 
15:3 eggs per day, an apparent production of over 150% in 24 h. Equi- 
valence of specific gravity in egg and adult is assumed in this calculation; 
if eggs are reduced in moisture content, absorbing water after hatching, 
then actual production of dry matter will be correspondingly increased. 

The work with Rhabditis marina gives data from which can be derived a 
quantitative relationship between food consumed and eggs produced. In the 
case of the most successful food (Pseudomonas) the nematodes ingested 
about ten times their own weight of bacteria daily. Thus a maximum egg 
production averaging at about 0-8 ug per female per day can be associated 
with a maximum food intake of 15 wg of bacteria in the same period. A 
concurrent increase in female size occurred equivalent to a length increase 
of 8—10% each day, although this may have resulted solely from ovarian 
growth and thus be confused with egg production. However, utilization 
of the food for maintenance, movement and reproduction together seems 
likely to lie in the order of one tenth to one fifteenth of the gross intake. 
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Such a culture situation in which food is in excess and temperature is 
optimum may be regarded as unnatural, although something approaching 
this situation may occur in blooms or flushes of micro-organisms. A steady 
turnover of energy in decomposing litter or deposits may actually consist 
of scattered bursts of localized activity, in accord with the often highly 
over-dispersed (“aggregated”) distribution of both nematodes and micro- 
flora. A high metabolic optimum temperature (see later) would also permit 
the more efficient exploitation of restricted periods of higher temperatures. 
These are probably of regular occurrence on land, early in the year as 
temperatures rise but moisture remains adequate, and in the autumn on 
rewetting but before temperatures fall. High fecundity is one means of 
countering the effects of a hazardous existence, and rapid egg production 
rates are characteristic of terrestrial bacterivores. Rhabditis marina may be 
included in this category for even though it is found sub-tidally, it is a 
species characteristic of seaweed rotting on beaches (Inglis and Coles, 
1961). Published data on egg production of free-living nematodes in the 
field are non-existent and even rarely adequate in respect of culture 
experiments, but many species would appear to lay eggs on a more modest 
scale than those noted above. Thus Gerlach (1971) quoted W. V. Thun’s 
data on Chromadorita tenuis which deposited in culture 16-28 eggs, 
an average daily production of rather under 10% of the female’s weight. 
The figure for Prionchulus punctatus, a terrestrial predator, which laid 45 
eggs in less than 8 weeks (Nelmes, A., personal communication) is about 
2:5% per day. 

Some of the examples above indicate a very highly geared metabolic 
system in operation at maximum food intake, yet respiration experiments 
often do not specify the nutritive state of the subjects, or measurements 
are made on starved individuals. The topic deserves further study, for such 
data are widely used to estimate ecological importance in energy-flow. 


6. Temperature 


In their minimum and optimum temperatures for various activities plant 
parasitic nematodes tend to reflect their climate of origin (Dao, 1970), but 
even in temperature species such as Ditylenchus dipsaci the optima fre- 
quently fall between 15 and 25°C. As shown by a considerable population 
growth, temperate surface litter fungivores may be active well below 10°C, 
a temperature commonly quoted as a minimum for the activity of related 
species. Laboratory data are influenced by the frequent use of relatively 
high culture temperatures under which acclimatization may occur, some- 
times with genetic involvement (Brun, 1972). Also the optima recorded 
are normally those at which maximum reproduction, movement, respira- 
tion or other functions are maintained and, as in other invertebrates, may 
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differ considerably from the temperatures of maximum ecological efficiency 
or survival (Bursell, 1964). 

In many terrestrial situations the laboratory optimum may be achieved 
for only relatively brief periods as the temperature rises before lack of 
moisture intervenes. The direct application of data from acclimatized 
laboratory cultures to field populations living under the widely fluctuating 
temperatures of, for example, surface litter or exposed beaches is thus 
difficult. 


7. Quiescence and Cryptobiosis 


Many nematodes have the ability to evade the lethal effects of an adverse 
environment by adopting a state of quiescence in which metabolism and 
ageing are both slowed. Possibly an extreme extension of quiescence, 
cryptobiosis is characterized by the apparent absence of any metabolism. 
When dehydration is the cause, the nematodes may survive many years; 
prolonged exposure to oxygen lack or to low temperatures has also resulted 
in a cryptobiotic state. The faculty is commonly found in species living in 
situations of fluctuating moisture content, such as the inhabitants of moss 
and leaf litter (e.g. Plectus, Aphelenchoides) or the stem and leaf parasites of 
plants (e.g. Ditylenchus, Aphelenchoides). The apparent absence of records 
of cryptobiosis among littoral marine nematodes is surprising, for there is a 
possible relationship between the ability to survive osmotic stress and simple 
dehydration (Cooper and van Gundy, 1971). Cryptobiosis provides a 
survival mechanism for terrestrial nematodes during temporary drought 
and also permits passive dispersion without a water requirement on and in 
dried plant litter. 


V. Ecology: Introduction 


Descriptions of nematode populations, in the form of relative abundance 
(dominance), have some value in the definition of habitats but they com- 
bine the ecologically diverse. Unless each group, genus or species can be 
recalculated in absolute terms (i.e. such as per unit area) comparability is 
poor. This is particularly true of terrestrial soils where large dorylaims 
(“algal feeders”) are often common. In a Herning grass field, Nielsen 
(1949) recorded algal feeders (mainly as ‘‘Dorylaimus obtusicaudatus’’) as a 
low percentage (13%) of the total biomass. In a Calluna heath the same 
group (and “‘species’’) provided 93°% of the biomass. This clear difference 
of dominance completely conceals the fact that the group occurred in both 
soils at about the same biomass of 1:86-2:08 g m7”. 

Many authors have stressed the ubiquitous occurrence of nematodes 
and their presence, often in immense numbers, in a wide variety of habitats 
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sufficiently moist to support aquatic animals. They may be found in tem- 
porary Nigerian rockpools, amongst antarctic mosses, in thermal springs 
and the abyssal depths of the sea. Most ecological literature consists of 
faunistic surveys often with more emphasis on the larger omnivores and 
predators than on species of the decomposer cycle. These habitats are 
reviewed here more in proportion to the available literature than by virtue 
of their intrinsic importance. Few studies relate the nematode directly to 
identifiable plant litter itself. Thus discussion is usually limited to general 
relationships with the decomposer cycle, particularly in terms of numbers 
or biomass of bacterivores and fungivores. 


VI. Ecology: Terrestrial Systems 


The vertical distribution of nematodes within soil has received attention 
in many types of habitat. In given situations certain species may show 
“preferences” for particular parts of the profile but in most cases these will 
reflect the exogenous factors of food supply and the physical environment. 
High in the profile, the principal restrictions imposed will be determined 
by temperature and drought and below by waterlogging and poor aeration. 
Within the possible limits, occurrence is associated with organic content 
but a clear relationship can rarely be shown, because it will be with the 
fraction which is actively growing or being actively decomposed. Often 
two centres of distribution can be shown, a deeper one composed mainly of 
plant root parasites in the rhizosphere and one nearer the surface containing 
the free-living species. 

Temporal cycles of population changes may or may not be shown by 
sequential sampling. There is no evidence of rhythmic fluctuations of 
reproduction and growth except when these are imposed by environmental 
conditions, such as temperature, moisture or food supply. 

With the exception of a few faunistic surveys little information on the 
free-living nematodes of tropical soils has been published and most studies 
relate to temperate climates in the Northern Hemisphere. Forest in particu- 
lar has received the most attention and, representing perhaps the most 
common climax vegetation, this biotope may often be related to others, 
most of which would normally tend to develop forest or have been derived 
from it. 


A. Virgin Soils: Dune Sands 


The successive changes in nematode population structure which follow 
the colonization of virgin soils by plants may be represented by the stages 
in the vegetational succession from beaches or inland dunes to forest or 
grass. Beaches were included in Nielsen’s (1949) work and more detail has 
been provided by Yeates (1967, 1968) for a wider range of New Zealand 
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coastal dunes in an early stage of stabilization. In these, although the 
highest numbers of nematodes were found within the top 20 cm of sand, 
an appreciable proportion of the total reached a depth of at least go cm. 
Maximum populations were of the order of 2:1 X 10° m`? (in the top 
30 cm), on the site which had the densest cover of Ammophila arenaria. On 
most of the dunes in New Zealand half the nematodes were bacterivores but 
the striking facet of the data was the apparent absence or infrequency of 
fungivores. These were not separately listed, but in only one case did the 
group Tylenchida (other than certain named plant parasites) reach 9% of 
the total; more often the percentage was less than one. Except in this single 
instance, all the sands were alkaline in reaction and the virtual absence of 
fungivores agrees well with the studies by Brown (1958) on English dunes. 
She found 2—4 times as much fungus mycelium on acid dunes as on alkaline 
ones. In New Zealand the more alkaline sand appears to have been the most 
unstable and Brown associated instability with a low mycelium content. 
Nielsen (1949) showed a similar trend with no fungivores at the seaward 
station but the numbers increasing landwards to form 7—12% of the total 
under grass or moss cover. 

Wasilewska (1970, 1971) has extended this succession series by studying 
a range of inland dunes with Pinus stands at various stages up to full forest. 
From site to site, in parallel with an increase in vegetation cover (particu- 
larly of the ground flora), the soil humus content and the nematode 
numbers increased (from 0:5 to 7 X 10 m`?). The critical levels for 
maximum species diversity appeared to be a 25% ground cover and a 1% 
soil humus fraction, up to which point the microflora feeders progressively 
enlarged their share of the populations. In older stands of forest, nematode 
densities were lower, 4:4 X 10° m~? under a Quercus—Pinus stand with a 
rich understory and ground flora and 2:0 X 10° m~? under Pinus without a 
ground flora. Wasilewska related this feature of older woodland to the 
distribution of the microflora, which Jakubczyk (1968) found to be more 
abundant in the dunes than in the established forest. Fungivores, excluding 
Tylenchus, produced a much smaller biomass than the bacterivores at all 
sites although under Quercus—Pinus fungivores predominated. 

It would appear that virgin, unstable sands have a bacterial decomposer 
cycle probably fuelled by root turnover. As the sand stabilizes and its 
humus fraction increases a mixed fungal—bacterial population develops, 
which is reflected in the nematode population structure. 


B. Forest: Coniferous and Deciduous 


The more restricted fauna in coniferous stands found by Wasilewska 
(1970, 1971) in comparison with that of mixed woodland has been com- 
monly noted. Bassus (1962a) quotes an average nematode biomass of 


442 D. C. TWINN 


34 ug cm~? for broad-leaved forest and only 11 wg cm~? for coniferous 
woodlands. However, comparable data are rare and the nature of the humus 
form and the sampling methods are also involved in the differences. 

Both coniferous and broad-leaved trees form some habitats with a 
sparse ground flora where the bulk of the litter fall consists of tree leaves. 
Deciduous forest, particularly Quercus and Fagus, provides both the 
different humus forms mull and mor under comparable canopies: it has 
the added advantage of a concentrated input into the decomposer system 
over the short period of annual leaf fall (see Jensen, Chapter 3; Millar, 
Chapter 4). 


C. Deciduous Forest: Mor Humus 


In these soils, leaf litter decomposition is concentrated in the upper, 
almost purely organic, horizons where the comparative absence of plant 
roots in the litter and F layers adds greatly to our confidence in designating 
the tylenchid and aphelenchoid nematodes present as purely fungal feeders. 


TABLE I. Nematode frequencies: woodland mor and raw humus 


Total nematodes 


per m? Microfiora feeders 
Woodland type and As % of total As % of total 
source of data Fresh numbers biomass 
Numbers biomass ——___________ 
10° g Fungi- Bacteri- Fungi- Bacteri- 


vores vores vores vores 


DECIDUOUS 
Fagus (Volz, 1951) IZI 4I 33 19 = — 
Fagus (Bassus, 1962a) — — 73 2I 31 25 
Quercus (Twinn, 1966) 12:3" 0:67 — — 31° 31° 
Quercus (Bassus, 19622) — = 49 36 12 34 
Quercus, mixed (Wasil- 
ewska, 1971) 44 o4 38° 33 7 29 
CONIFEROUS 
Picea (Nielsen, 1949) 1-7 45 12 57 2 10 
Picea (Bassus, 1962a) — = 72 25 49 3 
Pinus (Bassus, 19622) — — 54 42 28 56 
Pinus (Wasilewska, 
1971) 2 0'2 25° 47 II° 44 
L + F + H horizons only € Excludes Tylenchus spp. 
è? L + F horizons only. 4 Humus form doubtful. 
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1. Vertical Distribution 


Average figures for the whole soil profile (Table I) disguise changes in 
the balance of the two groups of microflora feeders which take place with 
time and also in different parts of the profile. In beech mor (Volz, 1951) the 
greatest nematode population and biomass occurs in the mineral soil, 
particularly in the upper, humus-rich portion (Table II). The H horizon 


TABLE II. Deciduous woodland mor: vertical distribution of nematodes 


Total nematodes Relative 
proportions 
Woodland type Horizon Fresh Numbers fungivores: 
Numbers biomass perg dry bacteri- 
106m“? mgm? material vores 
Fagus L 0°04 15 147 1:10 
(after Volz, 1951) F O15 33 807 1:28 
H 1-68 535 615 2:1 
mineral 
o-5 cm 7°42 2265 164 IIS 
mineral 
5-10 cm 2°81 860 50 
Quercus L 1-02 77 2000° 2:1 
(after Twinn, 1966) F 2°25 344 700% I:1°4 
H 9:07 184 275° = 


a Maxima: mean values about half these. 


contains most of the inhabitants of the more organic strata though on a 
unit weight basis the density of nematodes is greatest in the F horizon. This 
material has been derived from a larger weight of freshly fallen leaves: thus 
relating the nematode population to the original unit weight of leaf material 
(and hence to the nutrients it contains) may further alter the significance 
of each horizon. Volz’s data suggest that by applying such a correction the 
highest biomass of fungivores and bacterivores per g of original leaf 
material occurs in the L or upper F horizons. This was also the case in an 
English oakwood mor (Table IT), although in this site there were different 
proportions of the two microflora-feeding groups. Under oak, fungivores 
predominated in the litter but ranked about equal with bacterivores in the 
F horizon. In the beechwood, bacterivores, mainly Plectus ctrratus, domi- 
nated the L populations whilst fungivores reached greater relative propor- 
tions in the lower F and H layers. 
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2. Colonization of Quercus Litter 


After leaf fall the litter attains a high moisture content, being progres- 
sively more evenly wetted. Colonization begins with a transient bacterial 
flush which may develop on the leaf surface, presumably on readily avail- 
able nutrients either already present or leached from the tissues. Extensive 
fungal colonization follows, over the surface and within the leaves, over a 
period of 2-3 months (Minderman and Daniëls, 1967). Only once have both 


mm hyphae per microscope field (Fungi-e-) 
Numbers per g dry leaf (Nematodes -x-) 


NDO JFMAMJJASOND 
1956] 1957 i958 


Fig. 3. Colonization by nematodes and fungi of Quercus litter on a mor humus 
form (after Twinn, 1962, and Waid, 1960). 


nematodes and fungi been examined on the same material but this showed 
close correspondence between the colonization of the two groups (Fig. 3). 

On two English sites there was no evidence of an initial bacterivore 
invasion, the population consisting of late juveniles and adults of fungivores 
Aphelenchoides and Tylenchus (Twinn, 1962, 1966). They reproduced with- 
in the leaf tissues and the resulting proliferation approached exponential 
form achieving a maximum between 10° and 2 X 104 g~t dry litter. These 
populations were drastically reduced by drying of the leaves. Such changes 
occurred at the start of the spring and summer dry period, during which 
drying predominated in the wetting-drying cycles. Individuals were then 
found in the leaf tissues in tight coils and by their deranged structure they 
were clearly either dead or in a cryptobiotic state. From evidence on other 
species, those which had reached a late juvenile stage before drying would 
be the ones most likely to survive until rewetted in the late summer. 
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Fungivore resurgence occurred in autumn when the litter was more 
fragmented and over the subsequent months it progressively changed 


towards F horizon material. During this time bacterivorous species in- 
creased, in correlation with the senescence of fungus growth. Comparable 


events have been shown in mushroom cultures infected with both fungi- 


vorous and bacterivorous nematodes (Goodey, 1960). 
3. Quercus Mor: Events in F Horizon 
The new litter, the F horizon, and litter more than 7 months old followed 
related but different courses. Each horizon was affected by drought but the 
F layer maintained favourable moisture contents for longer in the spring 
and tended to gain moisture equilibrium earlier in the autumn. There are 
no data to show the full cycle from drought to drought but the information 
may be rearranged with enough confidence to indicate the principal events 
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Fig. 4. Annual fluctuations of fungivorous ( x ) and bacterivorous (©) nematodes 
in Quercus mor litter (after Twinn, 1966). Ordinate: biomass (g m~ 7). 
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Soon after rewetting, the F horizon produced a fungivore maximum, 
later replaced by one of bacterivores, in turn followed by a second fungi- 
vore peak. The graph suggests that there might have been a single mid- 
summer fungivore maximum if the moisture status had been favourable. 
Concurrently, in the overlying old litter, fungivores increased on autumn 
rewetting but did not reach their greatest biomass until after leaf-fall when, 
in turn, they were replaced by bacterivores. 

The widest diversity of fungivore species was found in the F horizon 
but this included the Aphelenchoides sp. and Tylenchus (Filenchus) sp. 
which were the prime colonizers of the new litter. Thus the successive 
proliferations on different materials were not duplications of the preceding 
ones but a selective development of fewer species each time. It was not 
possible to determine how much of the population growth after drought in 
the L and F horizons was due to colonization from active specimens below 
and how much to the revival of cryptobiotic individuals already in the 
litter but presumably both occurred. 

If the nematode population changes reflect the activity of the microflora, 
the results suggest a pattern of fungus growth upward from the F to old 
litter to new litter, followed by bacterial colonization. The main bacterial 
growth on the new litter would be delayed by drought until the subsequent 
autumn; the second fungus growth in the F horizon might be attributed to 
the leaching of nutrients as a result of microbial activity above. 


4. Other Litters 


The fungivore—bacterivore sequence also occurred in the colonization 
of rapidly decomposing Fraxinus litter. In this instance the process was 
mainly compressed into the first 6 months after leaf-fall, with a marked 
tendency for bacterivore invasion to occur in parallel with, but rather 
slower than, that of the fungivores. 

The data given by Volz (1951) for Fagus mor differ from the events in 
Quercus mor chiefly by the presence of the large bacterivore Plectus 
cirratus which dominated the upper organic horizons. However, if this 
species is excluded his results also indicate alternation of fungivores and 
bacterivores (Fig. 5). Large Plectus spp. are often characteristic of upper 
Fagus litter and possibly occupy a niche different from that of other 
bacterivores. The difference between Quercus and Fagus sites could be 
explained if the Fagus provided a greater and longer flush of bacteria or 
comparable growths on superficial or leached nutrients but a slower fungal 
colonization of the litter itself (Sait6, 1956). 

It is possible that oak-wood mor provides the optimum timing of events 
to demonstrate the succession. More rapid decomposition, such as in 
Fraxinus litter, contracts the sequence so that the stages are almost 
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coincident; more extended decomposition would equally obscure events by 
stretching each phase so that they apparently overlapped. Summer drought 
assists the separation of the stages by providing a partial re-set system 
permitting the late summer re-growth of fungi earlier than bacteria, which 
tend to be less successful under dryer conditions (Hawker, 1957). 


Beechwood (Voiz,!951) Oakwood (Twinn,!966) 
T i F 


Soil Horizons 


JASONOJFMAM J JASONODJSJFMAM J 
Annual Cycle 


Fig. 5. Alternation of fungivorous and bacterivorous nematodes in Fagus and 
Quercus mor. Fungivore biomass maxima @, minima @. Bacterivor ebiomass 
maxima O, minima O (excluding Plectus cirratus). 


No further comparable results are available on other mor woodland soils 
although the extensive investigations by Bassus (1962a) indicate a simi- 
larity between both hardwood and softwood forests in their spectra of 
fungivore and bacterivore genera. He also demonstrated considerable 
annual fluctuations in a number of individual species of both feeding types 
(1962b). In comparing data, it should be noted that results based on 
numbers may differ appreciably from those of biomass, not only in the 
balance of feeding groups, but also in the timing of maxima. 


5. The Role of Fungivores 


With the data available from oak mor it is possible to quantify the 
effects of the fungivores during the first 70 days or so after leaf-fall. Over 
such a period, a reduction in leaf dry weight of up to 20% may be shown 
with little removal of particulate material (Bocock et al., 1960; Twinn, 
1966). Presumably the loss is caused by leaching or the action of the micro- 
flora, for larger invertebrates such as sciarid fly larvae and enchytraeids 
colonize the litter at a later stage. The production of nematodes in the 
Quercus leaves may be taken as equal to the biomass of juveniles, assuming 
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negligible deaths until the end of the 70 days, which approximates to the 
onset of drought. In 1961 and 1962, there were total juvenile Aphelenchoides 
and Tylenchus productions equivalent to between 22 ug and 135 ug dry 
weight for each original g of litter. Minderman and Daniéls data for the 
fungi present after a comparable exposure period may be interpreted as a 
dry weight biomass of between 5 and 10 mg, using conventional conversion 
factors (Parkinson et al., 1971). Allowing for the non-utilization of the 
fungus cell wall, and taking maximum figures, 55 times the nematode dry 
weight needs to be accounted for to equate the amounts. If spoilage at a 
feeding site is as high as ten times the amount taken and production less 
than 10% of the food intake, it is easily possible for the nematodes present 
to destroy this amount of fungus, particularly as death and maintenance 
respiration have been ignored. No estimate of the fungal turnover can be 
included although the fungal data might indicate the total growth if no 
distinction was made between hyphae with and without contents. The 
nematodes’ actual role is probably in accelerating the turnover of fungi, 
making the contained nutrients more rapidly available to lytic organisms 
such as bacteria. 

The relationships indicated above refer only to the loss of up to one fifth 
of the leaf dry weight, although arguably perhaps the most nutritious 
fraction. Within the old litter and F horizon the remaining 80% is con- 
verted, yielding eventually the H horizon, in this instance consisting almost 
entirely of meiofauna faeces. In one year in which both were compared the 
old litter and F material had an average fungivore population of about 
1'2 X 10 2g dry biomass m`? compared with an average of 3 X 107% g in 
the new litter. With a turnover of 2-3 times in the old material, the fungi- 
vores could play a comparable role here in enhancing fungus turnover, 
despite the greater gross effects of the meiofauna in comminuting leaves. 

Leaves form only a part of the litter falling on the forest floor. Woody 
litter appears to be colonized less readily by nematodes. Invasion is 
relatively rapid into Fraxinus leaflet midribs but very slow into the main 
petiole. However, later attack of woody substrates by Basidiomycetes, 
probably mainly in the F horizon, would eventually render energy available 
for fungivorous nematodes. 


D. Deciduous Forest: Mull Humus 


A typical mull soil provides little opportunity for the study of whole 
litter colonization owing to the rapid and selective removal of leaves by 
earthworms. However, both Quercus and Fagus commonly occur on mull 
humus and their litters usually lie longer on the surface, apparently re- 
quiring alteration by the microflora before removal. In this situation, fungal 
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and fungivore colonization takes place as in oak mor but at a less intense 
level, suggesting less fungal activity in the soil below. However, fungal 
growth on the leaves may be comparable with that on mor (Minderman and 
Daniéls, 1967). Bacterivore nematodes also wander onto the litter but do 
not penetrate the tissues. After summer drought, the fungivore population 
reaches its maximum but, at this time, leaves or part of them are being 
removed at an increasing rate by earthworms. If the litter is confined so 
that such removal is hindered, bacterivores predominate in this second 
phase. The observations do not define a clear pattern of events but they 
are not inconsistent with there being a similar sequence to that described 
for oak mor. 

Whether or not already attacked by micro-organisms, the litter is then 
presented for further decomposition in a comminuted state, intimately 
mixed with soil particles, in the form of earthworm casts above and below 
the soil surface. Quite fresh casts apparently contain few live nematodes 
(personal observation) but an extensive and relatively rapid colonization 
is indicated by Volz’s (1951) counts on the layer of recent casts on his 
oak-ash mull. More nematodes per g were found in this layer than in the 
soil below or the leaves above. Similarly, in the top 3 cm of soil, which 
included casts, I also found a rich fauna, more than twice as many nema- 
todes as in either the 3-6 or 6-9 cm strata. Although not comparable in 
respect of the depth examined, both these mull soils probably had popula- 
tions of the same order in the uppermost few centimetres. Samples from 
Broadbalk Wilderness at Rothamsted (Yuen, 1966) indicated fewer 
nematodes in this woodland, if the conversion factor applied to the data 
is accurate: a similar population was found in New Zealand forest by 
Egunjobi (1971) and in Uganda scrub by Banage and Visser (1967) 
(Table III). 

In temperate mull, the relative proportions of bacterivores and fungi- 
vores fall within the usual range although these groups tend to form a 
smaller part of the total biomass, mainly due to the presence of large 
dorylaimids in greater numbers than in mor. This is a particular influence 
on Volz’s (1951) data, further emphasized by his use of few weight classes 
in biomass calculations. On the better documented sites, the two micro- 
flora feeding groups equate well in biomass and even between mull and 
mor the differences are little over one order of magnitude (Table IV). 
Mull and mor show considerable microflora differences. There is a much 
greater quantity of fungal mycelium in mor though the fungal growth rate 
in the two soils has been shown to be very similar (Nagel-de Boois and 
Jansen, 1967). As fungivorous nematodes tend to attack actively growing 
hyphae, some correspondence is likely between the humus forms in their 
fungivore biomass. On the other hand, the two types are often compared 


TABLE III. Nematode frequencies: woodland mull and soils other than mor 


Total nematodes per m? Microflora feeders 


Numbers 10° m7? As % of total numbers As % of total biomass 


Woodland type and source of data Fresh 
Numbers biomass Fungi-  Bacteri- Fungi- Bacteri- Fungi- Bacteri- 

10° (g) vores vores vores vores vores vores 
Quercus (Twinn, 1966) 4° 0°63° 2°3° rr 59 26 15 10 
Quercus-Fraxinus (Volz, 1951) 29°07 152% 2'95? 2:68? 27° 24? aia? 4? 
Quercus-Fraxinus (Yuen, 1966) 244 — 0-7 rI 31 47 — TEG 
Fagus (Bassus, 19624) — — — — 60 25 23 23 
Fagus (Bassus, 1962a) — — — — 58 31 18 23 
Fagus, mixed (Bassus, 1962a) — — — — 67 26 25 30 


New Zealand forest (Egunjobi, 1971) 2'4 to 1:6? Tylenchus spp. 2-31% in soil; o~47% in litter 
Uganda scrub (Banage and Visser, 1967) 3°04 — — — = ae i 


* To 20 cm including litter. 

> Upper soil horizons only. 

€ Mean, estimated to 9 cm depth. 

4 Arbitary conversion, 10 cm? X 1 m deep = 100 kg soil. 
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TaBe IV. Beech and oak woodlands: mean biomass of nematode microflora feeders 


Fresh biomass of 
nematodes, g m~? 


Site Sample 
Fungivores Bacterivores 
Fagus mull to 0°44 0°39 
(after Volz, 1951) 5 cm deep 
Quercus mull to 0°05 0'033 


(after Twinn, 1966) 3 cm deep 


Quercus mor L+F 0-13 013 
(after Twinn, 1966) horizons 


both in microbiological and nematological studies by sampling the mineral 
soils. These differ considerably in their relationship to the decomposer 
processes: in mor decomposition takes place above the mineral soil, in 
mull mainly within it, owing to earthworm activity. Strictly, the soils 
should be compared on the basis of their total activity. 

At present, the role of nematode microflora feeders in temperate mull 
cannot be further defined. Studies based on serial soil sampling are unlikely 
to clarify this situation unless linked with work on the fate of the litter 
material. Comparison should be made between the nematode colonization 
of litter on the soil surface or within the mouths of earthworm burrows, and 
the succession on earthworm casts themselves. 


E. Grassland, Moor and Cultivated Land 


Within Nielsen’s wide range of Danish grasslands the poorest growths 
usually, but not invariably, showed the lowest nematode populations 
whereas the best lush growth yielded up to 20 x 10° m~*. For the most 
part, fungivores were very low throughout but the bacterivores tended to 
vary more with the overall population level, commonly forming some 50% 
of all species. In this characteristic, the grass sites resembled those of the 
beach under moss or grass, both of which also had low fungivore popula- 
tions but, by percentage, high bacterivore ones. This contrasts with wood- 
land which often has a fungivore bias of numbers if not of biomass. 
Studies in England, restricted to only three grass sites, showed a balance 
of the two trophic groups different from the Danish examples. Yuen 
(1966) in Rothamsted Broadbalk grassland found a relatively low nematode 
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population but one in which fungivores predominated over bacterivores. 
Similarly, in upland Nardus and limestone grassland, Banage’s (1963) 
somewhat higher numbers also contained more Tylenchida: he did not 
separately list fungivores. 

Raw humus and peats with various types of vegetation have low overall 
nematode populations, culminating in only some tens of thousands per m? 
in bare peat (Banage, 1963). Again, the same distinction is shown between 
the results of Nielsen and Banage, the former’s data from Calluna heath 
and high moor peat being biased towards bacterivores, the latter’s from 
Calluna and Juncus moors towards Tylenchida, mainly fungivores. 

The variation in nematode numbers in grassland and the differences in 
the balance of the decomposer feeding groups cannot at present be ex- 
plained. One contributory factor may prove to be the spacing of the 
vegetation, of particular relevance on sites with open communities. It 
has been suggested that almost all the litter decomposition of Eriophorum 
takes place within the tussocks themselves (Goodman, 1963): thus one may 
predict that the selection of samples in relation to individual plants may 
well have a considerable effect on the results obtained. 


TABLE V. Nematode frequencies: cultivated land 


Numbers 108 m~? 


Crop Total 
population Fungivores Bacterivores 
Rye field 2°5 0°34 148 
(Nielsen, 1949) 
Potato field 1-8 (2-127) 0:21 0°59 
(Witkowski, 1958) 
Spring wheat 2:3 (3°87) 0-21 1°25 
(Witkowski, 1958) 
Winter wheat 1'8 0'13 1:04 


(Witkowski, 1958) 
2 maxima. 


Data on cultivated land are commonly restricted to the important species 
of plant parasites. When all groups are listed, the low numbers of free- 
living nematodes found in these situations are notable (Table V), the 
greatest biomass recorded being one of 3 g m~? for a rye field (Nielsen, 
1949). The population structure resembles that of the grass fields in a low 
fungivore: bacterivore ratio. 
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Vil. Ecology: Aquatic Systems 


Despite their taxonomically different nematode faunas, freshwater and 
marine habitats may conveniently be considered together. Deep water 
sampling of both involves considerable technical difficulties and even 
faunistic surveys are very restricted. As in work on soil nematodes, most 
studies have been concentrated on temperate regions. 


A. Marine 


McIntyre (1969) has comprehensively reviewed the frequency of marine 
benthic nematodes, pointing out the decline in density which occurs 
towards deeper waters. Depth, or some correlated factor, can be shown 
from the work of Thiel (1971) and other authors to be apparently limiting 
the maximum numbers found (Fig. 6). The same relationship is shown for 


5:0 


n 
fe) 
T 


LO 


° 
oO 
TT 
e 
e 


Log nematode numbers: thousands per |Ocm2 


wl 

o1 i eae | 
i 500 1000 1500 2000 2500 
Intertidal Subtidal 


Depth (m) 


Fig. 6. Atlantic and North Sea marine nematodes: maximum numbers related 
to depth (data from McIntyre, 1964 A; Teal and Wieser, 1966 W; Thiel, 1971 @; 
Tietjen, 1969 W). 


biomass, which infrequently exceeds 3 g m`? at depths of several metres or 
more but may reach over 20 g m`? in tidal or immediately subtidal zones 
(Table V1). The largest figure quoted so far for a single species is 28 g 
fresh weight m~? for Metoncholaimus scissus but the species was aggre- 
gated and such a high density may not have covered a large area (Meyers 
et al., 1970). 
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Water serves not only to modify the benthic habitats themselves by the 
sorting of mineral particles but it also carries organic detritus, depositing it 
selectively. Areas of fine mineral and organic deposits tend to carry the 
highest nematode populations (McIntyre, 1969) and the deposit feeders— 
Wieser’s Group 1—are particularly prevalent in such situations (Wieser, 
1960). Even where relatively dense vegetation occurs in tidal or subtidal 


Tas_Le VI. Marine nematodes: selected population biomass data 


Fresh biomass 


Locality Original source gm? 

Beach sand, Loch Ewe McIntyre et al., 1970 <0°35 
Salt marsh, Massachusetts Teal and Wieser, 1966 0:2-4:9% (2°76°) 
Salt marsh, Georgia Wieser and Kanwisher, 1961 8-7-18-4° 
Estuary, Rhode Island, to 1 m 

depth (Zostera beds) Tietjen, 1969 14°9-21°6° (625°) 
Estuary, Florida, to 1 m depth 

(Thalassia beds) Meyers et al., 1970 23°67 
12-18 m, Buzzards Bay Wieser, 1960 0°4-1'9 
45 m, Plymouth Mare, 1942 0°35° 
80 m, Northumberland Warwick and Buchanan, 1970 1-1-2°8 
r01 m, Loch Nevis McIntyre, 1964 O-4-1-1? 
146 m, Fladen, North Sea McIntyre, 1964 tr-a 
290 m, Iceland-Faroe Ridge Thiel, 1971 078-174 
600 m, Iceland-Faroe Ridge Thiel, 1971 714% 
2500 m, Iceland-Faroe Ridge Thiel, 1971 1-264 


2 As given by Tietjen, 1969. 

> Mean value given by Teal, 1966. 
€ Range of means. 

a Maxima. 


zones, much of the litter is likely to be transported from the site of produc- 
tion (den Hartog, 1967; Teal, 1962). When it reaches the benthic nematodes 
it will be macerated and probably already extensively attacked by micro- 
organisms. In contrast to some terrestrial systems, the amount of detritus 
or litter input is not easy to estimate (see Perkins, Chapter 22). Measures of 
marine soil organic matter are difficult to relate to nematode numbers for 
not only are decomposable and refractory portions inseparable, but an 
appreciable amount of animal material may be included (Tietjen, 1969). 
Water movement also has effects on the local distribution of nematodes. 
In the relatively calm conditions of deep water, or within vegetation growths 
where current velocity may be reduced, active movement is possible. This 
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is indicated by the rapid colonization of experimentally provided substrates, 
such as mats of fungus growth (Hopper and Meyers, 1966). Differential 
wandering of age classes may occur: these fungus traps accumulated gravid 
females of Metoncholaimus scissus and Ott (1967) found Enoplus juveniles 
at the tips of the alga Cystoseira but adults mainly at the base. 

The effects of rapid water action are mitigated by the possession of 
caudal cement glands which help the nematodes to maintain their stations. 
Even so, if they live in the superficial horizons of sandy beaches, tidal 
movements passively transport them. There is evidence that some species 
react by moving vertically up and down the sand profile in response to 
tides, some moving downwards as the sea recedes, others travelling in the 
reverse direction (Rieger and Ott, 1969). Such voluntary or involuntary 
migrations have considerable implications in the definition of micro- 
habitats. For example, if extensive and selective interchange between algae 
and substrate occurred, algal samples alone would not adequately describe 
the community as a whole. 

The continual or intermittent presence of surface water permits the 
colonization of aquatic vegetation to a much greater extent than on land. 
However, plant parasites as such appear to be uncommon in that the habit 
has only been recorded for Halenchus on Fucus and Ascophyllum. Other 
nematodes are mainly surface dwellers and the vegetation is to be regarded 
more as a substrate than a direct source of food. The extent of colonization 
is determined in part by factors which reduce the scouring effects of water 
movement. Relatively smooth algae disturbed by water currents carry low 
populations, but these are increased by the presence of superficial growths 
of other animals or plants (i.e. epigrowth, aufwuchs) which give protec- 
tion for the nematodes. Thus Wieser (1952) counted between 7-7 and 200 
nematodes per 100 g fresh weight of Fucus serratus without epigrowth, but 
up to 1590 when the epigrowth was considerable. 

Density may vary within the algal growth related to the degree of 
exposure: Ott (1967) found basal populations on Cystoseira spicata and 
C. abrotanifolia which were higher than those in the crowns. Again, on 
C. adriatica in an exposed situation, dense epiphytic growths of the red 
alga Fania rubens permitted nematode numbers to rise to a higher level. 
Algal growth habit itself has a considerable effect on population density, 
not only by virtue of the protection afforded but also because dense 
growths retain fine deposit material. This was clearly shown by Wieser 
(1952) whose high populations were associated with heavily silted Gelidium 
corneum. Unfortunately, published data do not define any differences in 
population structure between silty and silt-free growths: one might expect 
a higher proportion of deposit feeders in the former, associated with the 
decomposing organic fraction. 
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More typically, the algal inhabitants exhibit a characteristic bias towards 
epigrowth feeders, as exemplified by chromadorids, many of which may be 
inferred to feed on diatoms. ‘This family also forms an appreciable propor- 
tion of the populations on coarse sandy substrates and also on relatively 
firm mud which often has a considerable surface bloom of diatoms. 

Seasonal cycles of primary production and input into the decomposer 
cycle are likely to lead to nematode population peaks. Annual fluctuations 
have, however, rarely been demonstrated: Warwick and Buchanan (1971) 
could find no evidence of any at 80 m depth off the Northumberland coast 
and most of the species in their samples appeared to breed throughout the 
year. Annual changes may be discerned rather more readily in much shal- 
lower water. Tietjen (1969) suggested a correlation between benthic 
microflora growth and the increased abundance of epigrowth feeders 
during spring and summer on four estuarine sites. Deposit feeders tended 
to have the reverse cycle, being more frequent in autumn and winter when 
total benthic organic matter increased. This was only particularly marked 
at one station which was perhaps the poorest in deposit material, being 
subject to relatively strong currents and with a low gain of detritus from 
the shore. Conceivably, this annual cycle was emphasized by the winter 
input of detritus being more limiting at this station than the others. 
However, particulate deposits are not the sole source of organic carbon and 
may be insufficient to meet the energy requirements of the benthic com- 
munity, the deficit apparently being made up by “‘soluble” organic matter 
(McIntyre et al., 1970). 

In estuarine conditions, where much of the primary production and 
hence much of the detritus is provided by benthic macro- and microflora 
or from terrestrial origins, Odum (1970) postulated a recurring cycle of 
bacterial degradation of the litter and protozoan cropping of the bacteria. 
Such a mixture of bacteria and protozoa suggests an appropriate food 
source for nematodes of rather varied feeding habits, particularly for 
facultative bacterivores. The possible relationships of this system are 
indicated in Fig. 7. 

In deeper water, much of the deposit matter will have been extensively 
decomposed before it reaches the bottom (Finenko and Zaika, 1970) but 
input is sufficient to support high populations of benthic bacteria (Zatzepin, 
1970). Thus the ultimate dependence of many nematodes on bacteria is 
probable, either directly or no more than one or two stages removed, i.e. 
via protozoa. 

Fungus—nematode associations also occur in the sea as demonstrated by 
the discovery of an Aphelenchoides sp. in shallow water Thalassia beds and 
its successful culture on a range of marine fungi (Meyers et al., 1964). It is 
possible that stylet-bearing fungivores have often been overlooked in 
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marine studies, owing to their small size. A number of the fungi used in 
culture are implicated in the degradation of vegetable material but the 
role of the nematode in the fungus bionomics of the Thalassia beds is not 
yet known. 

A particular problem in relation to benthic nematodes in the presence 
of considerable bacterial action is that of low oxygen tensions. Such situa- 
tions are usual at a depth of one or two centimetres in intertidal or deep 
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Fig. 7. Marine decomposer cycle: nematode trophic relationships. 


water muddy substrates (Wieser and Kanwisher, 1961). Many species 
are able to maintain activity under almost completely anaerobic conditions 
and Enoplus brevis possesses haemoglobin which may assist respiration at 
low oxygen tensions (Atkinson et al., 1972). The efficiency of food utiliza- 
tion under such circumstances is unknown. Teal (1962) assumed that 
comparable movement activity under aerobic and anaerobic conditions 
indicated equivalent rates of energy dissipation, but if movement accounts 
for only a small fraction of total energy utilization (von Brand, 1960), this is 
not necessarily justified. 


B. Freshwater 


Much of the work concerning these habitats was reviewed by Winslow 
(1960). The main conclusion of earlier workers such as Micoletsky (1925) 
was that there existed no clear boundary between true soil and true fresh- 
water species, the gradation between the two biotopes being much more 
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gradual than that between the land or fresh water and the sea. No doubt in 
the latter situation the widely fluctuating salinity has the effect ofsharpening 
the distinction between the faunas. However, freshwater systems have 
much in common with the sea in the presence of water as a transport 
medium, particularly for detritus, much of which is of allochthonous 
origin as in estuarine and inshore areas. Fresh water also has a recognizable 
but more restricted fauna analogous to marine epigrowth feeders and 
associated with the periphyton or with benthic diatoms. Comparable 
extremes of anoxia occur in muddy situations in both biotopes. 

The periphyton of Phragmites reeds has been studied by Pieczyńska 
(1964) who followed earlier authors in considering it as an independent 
unit containing all three major trophic levels: producers, consumers and 
reducers. However, the system is not in balance for much of the periphyton 
falls as litter during winter to the benthic environment below. The peri- 
phyton population consisted largely of the chromadorid algal feeders 
Prochromadorella bioculata and Punctodora ratzeburgensis, other species 
generally forming less than 10% of the total. Many of the others were of 
benthic types, indicating a degree of interchange between the periphyton 
and the benthos, which was not studied. The data of Filipjev, compiled by 
Winslow (1960), illustrate that both the periphyton and bottom sand 
were inhabited by appreciable proportions of chromadorid algal feeders. 
The sand and mud benthos were similar in the presence of Trilobus spp. 
and Jronus sp. As in the sea, spear-bearing fungivores appear to be rare 
except in habitats with extensive vegetation where the water and land 
biotopes overlap: bacterivores or facultative bacterivores are much more 
common. 

Hirschmann (1952) examined a range of pond and river banks, finding 
amongst the bacterivores, species of Monhystera and Plectus to be con- 
stantly present in large numbers. At the edge of still water, the greatest 
variety of other species of the same feeding group was found when vegeta- 
tion was richly developed. The stream series included three graded in 
respect of pollution type and it was notable that an increase in diplo- 
gasterids and rhabditids was associated with greater contamination. 
Similarly, these groups were common in the most nutrient-rich and polluted 
of the still waters (Table VII). This aspect of the population structure shows 
a clear relationship to that found in sewage treatment beds (Pillai and 
Taylor, 1968). 

Few quantitative data are available on benthic freshwater nematodes. 
Winslow (1960) quotes Filipjev’s figures of 200 to 18,000 m`? for profundal 
regions and Por (1968) recorded “tens of thousand/m?” of Eudorylaimus 
andrassyi at 30-43 m depth in Lake Tiberius. This species lives and 
reproduces in association with ciliates and oligochaetes in a habitat which 
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is anaerobic for some eight months of the year. The scarcity of data on 
population dynamics is surprising, since freshwater systems would appear 
to be well suited to the study of nematodes in relation to annual cycles of 
primary production. 


Taste VII. Freshwater banks: bacterivorous nematodes 


Frequency index? 


Habitat Mon- Rhab- Diplo- 


hystera Plectus ditids gasterids Others 


Still water 


old river bed pond 19 4 4 I 

polluted: rich vegetation 13 6 II 16 4 

small, temporary 13 2 

small, permanent 13 5 3 18 

woodland Sphagnum pool 4 3 8 
Running water 

fast flow 17 

slow flow 13 6 5 I 

weakly polluted II 3 II I 

strongly polluted 13 7 6 13 4 

very strongly polluted 8 5 20 32 


* Data after Hirschmann, 1952. 


Scored on abundance: 5 (very abundant) to 1 (infrequent); index is the sum of 
the individual species scores. 


Vil. Ecological Role in Decomposer Cycles 


In considering the marine benthic meiofauna, which often contains a 
high proportion of nematodes, Gerlach (1971) concluded that although 
they are only equivalent to about 3% of the benthic macrofauna biomass, 
their role in terms of energy flow was likely to be about five times greater 
than this suggests. He pointed out that such calculations are based on 
inadequate information, in particular on assumed rates of turnover for 
both meio- and macrobenthos. The respiration data employed are derived 
from laboratory determinations and the efficiency of energy utilization 
under anaerobic benthic conditions is unknown. Even greater proportional 
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importance might be inferred in some cases, for freshwater microbenthos 
may equal 50-60% of the macrobenthos (Kayak and Rybak, 1966). 

Using data from a grassland habitat rich in nematodes, Nielsen (1961) 
calculated, from respiration data, that protozoa, nematodes and enchy- 
traeids consumed bacteria in the proportion 20:2:1. In one year they con- 
sumed quantities of the same order as the standing stock of bacteria 
which implied a relatively minor role in cropping bacteria, which must have 
a turnover of many times annually. However, most early figures of both 
bacterial and fungal frequencies include a high proportion of inactive 
propagules and do not fairly measure the active standing stock (Clark, 
1967; Harley, 1971). 

In his comprehensive study of a Georgia salt marsh, Teal (1962) appor- 
tioned to animal consumers, which included nematodes as a small fraction, 
less than 8°% of the energy of net production in comparison with 47% 
dissipated by bacteria. More recently, Wasilewska (1971) used Nielsen’s 
(1949) nematode respiration measurements to compute the energy require- 
ments of the nematodes of afforested dunes. Maximal figures, omitting 
corrections for drought and low temperatures, were estimated to be about 
13:8 kcal m`? year, of which the fungivores, bacterivores and predators 
required 9-2 kcal. Given a leaf fall of about 250 g m~? with the calorific 
value of oak leaves (Cummins, 1967), this part of the input into the decom- 
poser system is of the order of 250 X 4:8 kcal m~? year. Nematodes there- 
fore use only a fraction of the energy and are even less important if 
allowance is made for other litter. 

Work in which standard species biomasses were used for calculation 
may have considerably over-estimated total nematode fresh weights. On 
the other hand, if conditions of optimum food supply and temperature 
obtain, both respiration and production of eggs might have been grossly 
underrated. Eggs are rarely counted in work on free-living nematodes and a 
high death rate at this stage under variable environmental conditions could 
represent a considerable level of production. Nevertheless, the data avail- 
able are consistent with the view that nematodes generally account for a 
low percentage of the energy of net production in an ecosystem, despite 
their often immense numbers and locally considerable biomass. When 
viewed in proportion to the energy taken by other animals, the nematode 
fraction might well be much more appreciable. However, Teal’s work 
indicates that these levels can be of the same order as or less than the 
minimum error one can expect in ecological work. It is difficult to see how 
the role of nematodes can be further defined in terms of energy transfer 
without much more research on small defined biotopes. 

Although themselves a minor route for energy, animals may possess 
important functions in facilitating and directing the energy dissipation of 
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the bacteria and fungi. Nematodes (‘deposit feeders”), which take in 
refractory organic matter with their bacterial food, might alter the nature 
of the food but the already finely divided nature of the particles suggests 
that this is not an important function. The effects of the nematodes are 
more directly on bacteria and fungi or, within the next consumer order, 
on organisms such as protozoa. 

The efficiency of their digestive processes is of considerable importance 
in this respect in that a high intake rate coupled with that of low assimila- 
tion would indicate a much greater effect on the food than could be measured 
by respiration and production. In addition spoilage due to incomplete 
feeding would switch energy from fungi to other organisms such as bacteria. 
The net effect of such activities is likely to be an enhanced substrate use 
and a more rapid transfer of nitrogen and trace elements. In the case of 
oak-wood mor soils, fungivorous nematodes in the upper litter may well 
foster the process of differential removal of nutrients carried out by fungi: 
this is one facet of the selective accumulation of the more refractory portion 
of the litter in lower horizons. Similar nematodes in a mull mineral soil, in 
attacking microflora growing on more comminuted materials, might more 
directly accelerate the return of nutrients to the primary producers. 

In terrestrial systems, such nutrient cycling may occur within a relatively 
small area, e.g. within Eriophorum tussocks, whereas in aquatic environ- 
ments export and import is often considerable. Thus, in the latter, outside 
the euphotic zones, the whole benthic nematode population is likely to be 
ultimately dependent on the detritus input whether of a particulate or 
“soluble” nature. On land such a complete relationship would appear to be 
less likely, owing to the presence of vascular plant parasites and frequently 
high populations of omnivorous dorylaimids, mainly regarded as algal 
feeders. Yet, in the field, these omnivores might feed less on autotrophic 
algae than on those in a heterotrophic phase or on other organisms. In this 
case only the higher plant parasites could be regarded as primary consumers, 
the bulk of the nematode biomass being then related more to decomposi- 
tion processes. Even predatory forms feeding on enchytraeids and other 
decomposer fauna may be so classed. 

At whatever level, nematodes would seem to be subservient to the 
microflora in decomposition processes: further definition of their roles 
requires the parallel study of both nematodes and microflora on the same 
materials. 
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